Inhibition of oxidative phosphorylation in Escherichia coli by dihydrostreptomycin. J. Bacteriol. 86:1236Bacteriol. 86: -1240Bacteriol. 86: . 1963.-Dihydrostreptomycin inhibited the oxidation of succinate in extracts of antibiotic-sensitive Escherichia coli. The inhibitable reaction required both the particulate and the supernatant fractions from sonic extracts which had been centrifuged at 100,000 X g. Dihydrostreptomycin was found to inhibit phosphorylation coupled with the oxidation of reduced nicotinamide adenine dinucleotide (NADH). The inhibition of oxidative phosphorylation by dihydrostreptomycin appeared to precede the effect of the antibiotic on oxidation. The streptomycin antagonist, 2-heptyl-4-hydroxyquinoline N-oxide, inhibited the oxidation of succinate and of NADH, but showed little effect on oxidative phosphorylation. Oxidative phosphorylation was not affected by dihydrostreptomycin in strains of E. coli which were antibiotic-resistant or -dependent.
cleotide (NADH). The inhibition of oxidative phosphorylation by dihydrostreptomycin appeared to precede the effect of the antibiotic on oxidation. The streptomycin antagonist, 2-heptyl-4-hydroxyquinoline N-oxide, inhibited the oxidation of succinate and of NADH, but showed little effect on oxidative phosphorylation. Oxidative phosphorylation was not affected by dihydrostreptomycin in strains of E. coli which were antibiotic-resistant or -dependent.
Previous publications from this laboratory (Bragg and Polglase, 1963b, c) as well as earlier studies from other laboratories (Lightbown, 1957; Engelberg and Artman, 1961) have indicated that dihydrostreptomycin affects the electrontransport system of Escherichia coli. It was noted, however (Engelberg and Artman, 1961; Bragg and Polglase, 1963b) , that at least some of the effects of dihydrostreptomycin on electron transport could have resulted from an earlier effect of the antibiotic on protein synthesis. Alternatively, it was suggested (Bragg and Polglase, 1963c ) that the effect on the electrontransport system could be secondary to an effect of the antibiotic on coupled phosphorylation. Wasserman (1953) interpreted the stimulatory effect of streptomycin toward oxidation of a number of substrates as an uncoupling of assimilatory processes, such as phosphorylation, from oxidative dissimilation. The purpose of the present study was to obtain direct evidence for an effect of dihydrostreptomycin on electrontransport reactions which are coupled with phosphorylation.
MATERIALS AND METHODS
The E. coli cultures used in this study, and the method of culture, were described previously (Bragg and Polglase, 1962) . SB refers to a streptomycin-sensitive E. coli, RB to a resistant mutant, and DA to a dependent strain. Extracts were prepared from cells harvested at the end of the exponential growth phase. The cells were suspended in the ratio of 0.25 g of centrifugally packed cells to 1.0 ml of 0.05 M potassium phosphate buffer (pH 7.0). Cell suspensions (ca. 20 ml) were treated for 3 min in a 20-kc Bronwill sonic oscillator, which resulted in disruption of morphological structure. For the preparation of "whole extracts," sonic extracts were centrifuged for 15 min at 10,000 X g and the residues were discarded. The whole extracts were fractionated into particulate and supernatant fractions for the oxidative phosphorylation studies. For studies on succinate oxidation, fresh sonic extracts were fractionated without the preliminary preparation of whole extracts. The general procedure for fractionation was as follows. The whole extracts (or fresh sonic extracts) were centrifuged for 3 hr at 100,000 X g. The upper half of the supernatant solution was removed and dialyzed overnight at 4 C against several fresh portions of phosphate buffer for experiments on succinate oxidation, or tris(hydroxymethyl)aminomethane (tris) buffer (0.05 M, pH 7.3) for experiments on oxidative phosphorylation. A fractionLobtained in this manner was designated "I100Q0 X g dialyzed supernatant fraction."
The remaining fluid was decanted from the residue, and the latter was washed twice by 1236 on August 30, 2017 by guest http://jb.asm.org/ Downloaded from VOL. 86, 1963 STREPTOMYCIN AND OXIDATIVE PHOSPHORYLATION suspension in phosphate buffer followed by centrifugation at 100,000 X g. The residue was suspended in phosphate buffer for experiments on succinate oxidation or in tris buffer for experiments in oxidative phosphorylation. This preparation was designated "100,000 X g washed particulate fraction."
Oxygen consumption, with succinate as substrate, was measured by conventional manometric techniques. For measurement of oxidative phosphorylation, the spectrophotomietric method described by Pinchot (1957) was used. The system contained the following components in a final volume of 2.15 ml at pH 7.2: glycylglycine, 150 ,moles; phosphate, 10 ,umoles; MgCl2, 15 ,umoles; glucose, 75 ,umoles; disodium salt of adenosine diphosphate (ADP), 0.3 ,umoles; cysteine, 2 umoles; nicotinamide adenine dinucleotide phosphate (NADP), 0.6 ,umoles; crystalline hexokinase and glucose-6-jhosphate dehydrogenase, in excess; dihydrostreptomycin sulfate (when present), 0.1 ml of an appropriate concentration; and extract (or fraction), 0.1 ml. After preliminary incubation for 5 min, the reaction was initiated by the addition of 0.5 ml of 0.02 M reduced nicotinamide adenine dinucleotide (NADH). The production of reduced NADP (NADPH) at 25 C was followed at 340 m,u in the Beckman model B spectrophotometer.
The vitamin K2 and coenzyme Qs used in these experiments were extracted from E. coli dried cells as described in a previous publication (Bragg and Polglase, 1963c) . The lipoquinones were added to the reaction mixtures in ethanol (0.01 ml).
RESULTS
Effect of dihydrostreptomycin on the oxidation of succinate. Figure 1 shows that dihydrostreptomycin caused inhibition of the oxidation of succinate by the whole extract from streptomycin-sensitive E. coli SB. Detectable inhibition occurred at a concentration of 10 units per ml and approached a maximal value of about 60% at 100 units per ml of dihydrostreptomycin (Fig.  1) . In preliminary studies on fractionation of whole extracts, it was found that centrifugation at 100,000 X g produced a supernatant fraction which had only slight ability to consume oxygen in the presence of succinate. The activity of the inhibitable reaction in the 100,000 X g particulate fraction was decreased by washing, as was the degree of inhibition by dihydrostreptomycin. These preliminary results suggested that the supernatant contained a factor which was necessary for the full succinate-oxidizing activity of the particulate fraction and that this factor was eluted from the particulate fraction by washing. Reconstitution of the inhibitable system was effected by adding dialyzed, 100,000 X g supernatant fraction to the washed (two times) 100,000 X g particulate fraction. Table 1 (experiment 1) shows that the rate of consumption of oxygen in the presence of succinate was higher in the reconstituted system than in either fraction and that the degree of inhibition by dihydrostreptomycin was also greater in the reconstituted system. The addition of heated supernatant fraction to the reconstituted system caused a further increase in the rate of oxygen consumption, and this increased rate was sensitive to dihydrostreptomycin (Table 1) .
In experiment 2 (Table 1) , the particulate fraction alone was treated with a number of substances in an attempt to reconstitute the dihydrostreptomycin-inhibitable oxidation of succinate. Vitamin K2, coenzyme Qs, and nicotinamide adenine dinucleotide (NAD) were incapable of stimulating the rate of oxygen uptake. However, the addition of heated supernatant approximately doubled the rate, and the addition of unheated (dialyzed) supernatant increased the rate of oxygen consumption almost threefold. * S = 100,000 X g dialyzed supernatant fraction; P = 100,000 X g washed particulate fraction.
t Dihydrostreptomycin, 100 ,ug/ml. t Heated at 100 C for 5 min.
The results suggest that both heat-stable and heat-labile cofactors are required for full activity of the system. These observations are somewhat similar to those of Pinchot (1953) and Shibko and Pinchot (1961) on an oxidative phosphorylation system from Alcaligenes faecalis. However, unlike the system described by Shibko and Pinchot (1961) , the system herein described did not yield a sedimentable, discrete phosphorylating particle in the presence of magnesium.
Effect of dihydrostreptomycin on oxidative phosphorylation in E. coli SB. Table 2 shows that neither particulate nor supernatant fraction alone was capable of effecting oxidative phosphorylation. However, when these two fractions were combined, a phosphorus-oxygen ratio of 0.63 was obtained in one experiment (Table 2) . Dihydrostreptomycin, at a relatively high concentration (360 units per ml), inhibited oxidative phosphorylation by about 50% but inhibited oxidation only slightly. At higher concentrations, dihydrostreptomycin inhibited oxidation also. The streptomycin antagonist (Lightbown and Jackson, 1956 ), 2-heptyl4-hydroxyquinoline Noxide, caused a 90% inhibition of oxidation and only 10% inhibition of oxidative phosphorylation (Table 2 ). In several experiments on E. coli SB, phosphorus-oxygen ratios ranging from 0.20 to 0.65 were obtained. The degree of inhibition by dihydrostreptomycin was variable. In one experiment (Table 3) , inhibition was observed at a concentration of 30 units of dihydrostreptomycin per ml; at a concentration of 100 units per ml, there was about 70% inhibition (Table 3) .
Oxidative phosphorylation in streptomycin-resistant and -dependent E. coli. Streptomycinresistant E. coli RB yielded a system which was capable of coupled phosphorylation. Dihydrostreptomycin (100 units per ml) did not inhibit the reaction (Table 3) . Both "normal" dependent E. coli and antibiotic-"depleted" dependent E. coli (Bragg and Polglase, 1963c) were capable of oxidative phosphorylation; the addition of di- Pinchot (1957) . b S = 10o,o00 X g dialyzed supernatant fraction; P = 100,000 X g washed particulate fraction.
c DHSM is dihydrostreptomycin. Q-N-oxide is 2-heptyl-4-hydroxyquinoline N-oxide (0.4 /Amoles).
d P gave 60% of oxidative rate of P + S. hydrostreptomycin (100 units per ml) had no effect on the reaction (Table 3) .
DIscussIoN
The phosphorus-oxygen ratios obtained in this work varied between 0.20 and 0.65. Phosphorusoxygen ratios approaching 1.0 have generally been reported for bacterial systems (Dolin, 1961) . The degree of inhibition of oxidative phosphorylation by dihydrostreptomycin varied from one experiment to another but never exceeded 72% even at high concentrations of antibiotic. This could mean that dihydrostreptomycin does not inhibit all sites of oxidative phosphorylation.
Relatively high concentrations of antibiotic (30 units per ml and higher) were employed to demonstrate inhibition. However, the oxidative phosphorylation system used differs in at least two respects from the type of whole-cell system with which antibiotic effects are usually measured. First, a relatively high concentration of magnesium ion was present, and this ion has been shown to be an antagonist of dihydrostreptomycin (Bragg and Polglase, 1963a) . Second, the bacterial extracts were made from very thick bacterial suspensions and contained the bacterial cell material in a high concentration. Under these circumstances, a considerable amount of nonspecific binding of the antibiotic at anionic sites might occur so that the amount of dihydrostreptomycin available for reaction with the coupled phosphorylation system might be appreciably less than the amount added.
Oxidative phosphorylation was not inhibited by dihydrostreptomycin in preparations from resistant and dependent strains. On the other hand, there was no stimulation by the antibiotic of oxidative phosphorylation in preparations from streptomycin-dependent E. coli. The observations (Bragg and Polglase, 1962) on extracellular metabolites of streptomycin-dependent E. coli have shown that this mutant uses other pathways in the metabolism of glucose. It is conceivable, then, that the dependent organism has alternate pathways for energy metabolism. This concept is now being investigated.
